Abstract-According to the requirements of inspection tasks and characteristics of obstacles on 110kV power transmission lines, a novel inspection robot mechanism which adopts unfolding mechanism and the gantry structure is presented. Through altering the unfolding mechanism， the robot can navigate the obstacle quickly. The gantry structure can raise the stiffness of the mechanism. Based on the constraints of the specific features of the electric power transmission and the context of power utility operation, the geometric parameters are customized. The navigation of suspension clamp is simulated, and the structure analysis is studied. A prototype has been developed, and the field experiments has been carried out. The simulation results and field experimental results demonstrate that the mechanism has such characteristics as good motion stability, strong loading capacity and excellent obstacle negotiation capability.
INTRODUCTION
In recent years, power transmission line inspection robots have received more and more attention for the reason of performing tasks in dangerous and difficult-to-access environments for human workers [1, 2.] Although some tasks have been successfully automated [3, 4] and more research teams have been active in mobile robotics in recent years [5] [6] [7] , most research results published in the past cover analysis or prototype technologies that never made it onto transmission networks [8] [9] . An extensive review of these technologies was presented in [10] .
Research on inspection robot's mechanism is mostly focused on locomotion mechanism and navigation mechanism [11] [12] [13] . Besides these two aspects, however, the reliability of the inspection robot mechanism is a thorny problem. Because the environment the robot works in is the remote and high altitude environment, it is very hazardous in the event of a fault. For inspection and maintenance activity, innovation is seek as transmission networks are pressured by increasing loads and high reliability requirements.
Supported by the national high technology research and development program of China, the state key laboratory of robotics, Shenyang institute of automation, Chinese academy of sciences (SIACAS), has been focusing on the development of mobile inspection robots for 500kV EHV PTLs in recent years. Some prototypes have been developed from 2002. In the first generation robot named AApe-A, the mobile mechanisms for one span and for large inclination angle lines, the control system in the strong electromagnetic environment, and the long-distance data/image transmission, were implemented. In the second, the robot AApe-B is adjusted to run on the OGWs, and navigate different types of obstacles in autonomy and remote control mode. Reference [14 15] showed the AApe in a field oriented perspective, describing the integration of mechanical and electrical systems and the validation performed to verify its reliability.
According to the characteristics of the 110kV transmission line environment and the requirements of inspection tasks, a novel inspection robot mechanism is presented. The novel mechanism consists of two arms, one centroid adjustment mechanism and one electrical box, which can move along the conductors and negotiate a variety of obstacles on the 110kV power transmission lines. Section II presents the environment characteristics of 110kV transmission line. Section III presents the inspection robot configuration and its advantages. Section IV gives the analyses of the geometric design to customize the approach to the types and sequence of obstacles. Section V presents the simulation of obstacle navigating and structural design while Section VI concludes and opens on future developments.
II. ENVIRONMENT DESCRIPTION
According to the inspection task requirements for 110kV power transmission lines, the inspection robot needs to move along the power transmission line， navigate the obstacles, carry visible light camera and infrared camera to complete inspection tasks. The transmission lines which the robot will inspect are double-circuit and single split transmission lines. The environment of the 110kV power transmission lines is very complicated, where there are straight towers, strain towers, conductors, OGWs, vibration damper and other electric power equipment. A general schematic of 110kV transmission line is presented in Fig. 1 . In order to accomplish the inspection task, the robot must have the ability to navigate the obstacle around straight line tower and the strain tower. In order to expand the scope of inspection, the robot should move along the middle phase line. Since inspection must be performed on energized lines, one of the most important requirements, besides being robust to electromagnetic interference (EMI), is to minimize the size and weight of the platform so that a safe dielectric distance from ground and other circuits is maintained. Table I summarizes various constraints and target values. Many researchers in the United States, Italy, Korea and China presented a lot of applications of robots for inspecting and cleaning insulator strings. Early work is mainly on the mechanical design of robots able to move along the insulator strings. Among the various researches on this field, only a few resulted in validated prototypes which are able to perform maintenance work. The robot prototypes are mainly consisted of the locomotion mechanism and the maintenance mechanism, and can be classified into three categories according to the locomotion mechanism, namely, robots based on inchworms, robots base on caterpillars and robots based on wheel-legs. 2 is a schematic diagram of the inspection robot. The robot's usual means of travel is to roll on two wheels supported by the conductor. This allows it to move quickly and efficiently. The robot consists of two arms, a centroid adjustment mechanism and an electrical box. Each arm includes one motorized rubber wheel serving as traction wheels, a rotation joint, a translational joint and an unfolding mechanism. With the help of the unfolding mechanism, the arm of the robot can navigate obstacles quickly. Finally, the centroid adjustment mechanism links the two arms and an electrical box together, and allows them to slide. With the help of the centroid adjustment mechanism, the body of the robot can keep horizontal, which improves the stability of navigating obstacles. As shown in Fig.3 , when the inspection robot encounters a counterweight obstacle, the process of obstacle navigation is given as follows:
Step 1: the fore arm extents until it is higher than the counterweight obstacle; then unfolds; Step 2: the rear arm drives the robot moving forward until the rear one encounters the counterweight obstacle; Step 3: with the camera mounted on the fore arm, the conduct is located, and the fore arm is controlled to grasp the conduct behind the navigated obstacle. Hence, the inspection robot can navigate obstacles by unfolding the two arms and repeating above steps. In addition to the excellent passage and great flexibility under complex environment, the robot efficiently reduces the obstacle navigation period. As the robot always keeps the conduct inside the mechanism during the robot running on line, the safety and stability during the movement can be guaranteed. The robot has the primary ability to implement the inspection task of the power transmission lines.
IV. GEOMETRIC DESIGN
According to the characteristics of 110 kV transmission lines, the robot's dimensions are strictly limited. This section deals with the geometric analysis whereby the approach was customized for the series of obstacles found on the local network, identified through an extensive survey and several visits to field installations. Because the robot should roll on the conduct of the 110kV transmission lines, the robot should stay a safe distance from the transmission lines. The geometric constraints of the environment is shown in Fig.4 . The L is the width of the robot. The height H should match the following:
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B. The geometric design of centroid adjustment mechanism
When the robot navigates the obstacle, the distance between the two arms should be more than the length of obstacles. In Fig. 5 , the frame W is attached to the guide and the origin of the frame W is located in the end of the guide with axis yW, pointing down, considered as a symmetry axis. xW conventionally points toward the right of the schematic. G1, G2, G3 are the mass of the arm mechanism, the guide and the box separately. x1、 x2、 x3 are indicated as the x coordinate values of G1, G2, G3. The symbol d is the distance between two arms. The express of the centroid position of inspection robot is as follows:
When the rear arm of inspection robot hangs on the overhead line in upslope state, x1 must equal x, this gives:
The fore arm and the rear arm should slide in the guide, so the x1 and x1+d should be less than 2x3, this gives: 
C. The geometric design of the arm
The unfolding mechanism is driven by a bidirectional screw; the schematic is shown in Fig.6 .
The schematic of a slider-crank mechanism with one degree-of-freedom is shown in Fig. 6 , it is composed of four component parts, i.e., Ground 0, Slider 1, Linkage 2 and Crank 3. In order to research the kinematics of the slider-crank mechanism, a fixed reference frame O-XY is attached to crank 3, as shown in Fig. 1 , where origin O is the starting point of crank 3. The geometric parameters of the mechanism can be described as follows. The link-length of crank 3 is l3 while l2 for linkage 2. The position of B in the fixed reference frame is denoted by the vector while for position C, and θ is the passive output-angle, and α is the angle between linkage 2 and crank 3. The coordinate values of position B、C can be expressed as follows:
(1) can also be expressed as the following equation: 
(2) is the analytical solution to the forward displacement analysis of the slider-crank mechanism. Fig.7 approximately shows the influence of the position of the slider and crank on unfolding angle. The unfolding angle decreases as the yc rises. When l3 rises, the unfolding angle increases. The height of the robot can be can be changed by adjusting the yc and l3. These results were critical at the design level to assess the validity of the chosen geometry.
V. SIMULATION
The simulation of navigating the suspension clamp is shown in Fig.8 . The robot navigates the clamp with the help of the centroid adjustment mechanism and the unfolding mechanism. The navigating process is shown in Fig 3. The robot can navigate the suspension very quickly.
Result for the navigation of the suspension clamp is shown in Fig.8 . Fig.8 shows the curves of the wheel contact force. Results of the simulation of the suspension clamp navigation show the mechanism can navigate the suspension clamp successfully and quickly.
In order to prove the rationality of the novel mechanism, in this paper based on the structure analysis, force analysis are studied by means of ANSYS. By investigating the process of negotiating obstacles on conductors, researchers can discover the unfolding mechanism and the gantry structure are the most important parts. Though the researchers can tell the occurrence by hand, the result by utilizing ANSYS is more convincing if model is precise. Thus the optimization is persuadable. Key parts are chosen to compute after analyzing the process of negotiating obstacles on the power line indicated in Fig.2 . Before the software run, simplification of the model parts for reducing computation time is done. The Fig.9 illustrate the simulation of their corresponding limit stress. We can find that the maximum stress is far less than the yield strength. So the mechanism has higher stiffness. The result of the experiments shows that: the inspection robot works just fine in the 110kV EHV field environment, and can complete the obstacle-navigation; the communication between the ground control station and the control system in the robot body is reliable, and the image transmission is very clear; the control method of the inspection robot is reasonable; the hardware and the software of the system are stable and reliable; the inspection robot initially has the ability to replace human to implement the transmission line inspection and maintenance.
VII. CONCLUSION
The design and analysis of a novel inspection robot mechanism for power transmission lines have been presented. Its configuration is introduced, and the geometry is systematically analyses in order to appropriately customize its dimensions. The robot can move on the conductor steadily and navigate obstacles rapidly by using the unfolding mechanism. The unfolding mechanism and the centroid adjustment mechanism ensure the robot has obstacles crossing ability and climbing ability. Besides, the gantry structure improves the overall stiffness, and enhances the load capacity of the robot. The simulation and field experiments results prove that this mechanism can move rapidly and negotiate obstacles quickly load, and is suitable for 110kV transmission line inspection.
